ICRF heating at the second harmonic of deuterium in a D-T plasma produces a anisotropic tail of the deuterium ions in the direction perpendicular to the magnetic field. The non-Maxwellian distribution function leads to a significant enhancement of the reaction rate which corresponds to that of Maxwellian ions at much higher bulk temperature. The auxillary power in the presence of ICRF is determined self-consistently from the power balance. We show that the enhanced reaction rate leads to savings-in the peak power requirements.
Introduction
The supplementary heating, which is necessary to bring the plasma to ignition, will inevitably lead to some non-Maxwellian features in the ion distribution function (f). While considerations of ion transport may require that f is very close to fMAXW., one should examine also the gains in the enhanced reaction rate (6iv) as a result of f fMAXW.
Previous studies [1, 2] have considered a two-component plasma with ICRF heating at the fundamental harmonic of the minority deuterium (D). This reduces the effect due to the RF enhanced NU since D is less than 10% of the density of tritium and the power output is correspondingly lower. A more recent investigation
[3] treats both the minority heating at the fundamental harmonic and the 50-50 second harmonic heating. Its main conclusions appear discouraging because they indicate that the deuterium f is an isotropic Maxwellian. While this may be true under certain conditions, it is important to explore the whole range of parameters and to find realistic cases where the RF enhanced Uv is significant.
In this paper we examine the effect of ICRF heating at the second harmonic of deuterium in a D-T plasma. We develop a simple theoretical model based on a one-dimensional Fokker-Planck equation in the perpendicular direction with an RF diffusion term. The effects of trapped ions will not be considered. This picture allows us to examine the relevant parameters and to find analytic scaling laws.
In this way one can find an ICRF heating scheme which will produce a sizable plateau on the tail of the ion distribution function. The energetic particles lead to the increase in uu, despite their small number. Experiments with second harmonic ICRF heating in a hydrogen plasma on PLT show anisotropic ion tails [4] . These results are explained by our theory. One can find also the enhanced &v in a I deuterium plasma from the neutron flux and compare it with our results. If our predictions are correct, the ICRF should produce an anomalous neutron flux, i.e.
one which corresponds to a higher temperature of a Maxwellian plasma than the one actually achieved. One practical result for a DT reactor is that the peak power requirement is reduced when Uv is enhanced by the RF. This saving is not great, typically it is 20-30%, because the peak power occurs at lower temperatures when the enhancement is only moderate. One should note, however, that this is the minimum saving because it is based on the power balance. In reality one needs higher powers to heat the plasma and in that case the effect of the ICRF enhancement should be more pronounced. The power amplification factor, Q fusion power/RF power is typically of order 1. This makes a driven reactor not practical.
We shall not explore how the transport will be affected by the RF produced non-Maxwellian tails. This is an important problem to be studied in the future.
At the same time one should not dismiss f , fMAXW. as unacceptable and deleterious. One may point out as an example the lower hybrid current drive where the existance of a plateau on the tail of f, does not lead to significant changes in the electron transport. In any case the deviations from fMAxw. will involve only the ions on the tail, whose number is small, but their effect on the reaction rate can be very considerable.
In Sec. 2 we derive the one-dimensional F(v 1 ) for the fast wave ICRF heating at w = 2 1D. The theory is compared with the anisotropic tail of f [4] and is found to agree well with the experimental observations. In Sec. 3 we use f -exp -F(vI) to determine the reaction rate in the presence of RF. This RF enhanced reaction rate leads to fusion power which depends on T and the RF power flow P,. The power balance determines self-consistenty the P. required and we compare it with the usual axilliary power. In Sec. 4 we give a summary and discuss some of the outstanding problems.
Ion Tails from Second Harmonic ICRF Heating
To. find the deuterium distribution function we study the Fokker-Planck equation which includes the quasi-linear diffusion coefficient for the cyclotron absorption of the fast wave at the second harmonic [2] . This diffusion coefficient is averaged over a toroidal magnetic field surface. The result can be written as:
Here the velocities are normalized to the thermal velocity of deuterium vt = QT, the parallel wavenumber k = 0 and the collisional term is taken in the Landau 
where nI is the perpendicular refractive index. The dispersion relation for the fast wave is [5]:
where KI, K, are the well known components of the dielectric tensor. For a DT plasma and w =211 we find:
The ratio between the electric fields in the perpendicular direction is:
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Now we can write D in the form: is a conservative estimate. The PLT experiment shows that an anisotropic tail is present in agreement with the model here.
We shall derive the DD collisional term. The calculation for the DT term follows the same steps and the final answer differs by a numerical factor.
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where after some trivial integration by parts I can be written in the form:
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We have dropped the index of f which from now on will refer to deuterium only.
By using the identity
|u-V| 21r kV we can integrate easily over dv' and the result is
By choosing an appropriate co-ordinate system with u along the z-axis the k integrtion can be performed and we find: 
Now we can find the steady state distribution function. In (20) we let F/ar = 0 and consider that there is no perpendicular flux. The result is:
where N is a normalization factor. Note that Eq. The distribution function will form a significant tail only when the RF diffusion dominates over the collisional diffusion for a wide range in velocity space. At very high velocities the e-i collisions will reduce the tail and will eventually lead to a cutoff. The energy at which this happens may be comparable to the maximum energy of the confined ions, as determined by their banana orbits.
In any realistic case the number of particles in the plateau is a fraction of the total number of particles. The normalization factor N can be 4pproximated by the usual value N = 1. The effect of F from (23) on ov will be examined in the next section. Here we would like to compare our results with the anisotropic tail observed in the PLT experiment where ICRF heating at w = 22M 1 was applied in a hydrogen plasma [4] . In that case D 11 is different from D, in (22) by a numerical factor. From the corresponding dispersion relation we get:
D11 can be easily evaluated and in practical units is: The constant FO is found by normalizing to the plot in [4] , fig. 2b at E = 10 keV.
B2(T)n/2(1014)
The results from (27) are shown in fig. 1 and are compared with the data from [4] , fig. 2b . The agreement is excellent over the whole domain of the experimental data. ( 44.24
RF Enhanced Reaction Rate and Power Balance
where E is the energy of the deuteron in keV and a is in cm 2 . To find the reaction rate we take the distribution function to be Maxwellian in the parallel direction and is given by (23) in the perpendicular direction. of the confined deuterium ions. In the limit. P --0 (no ICRF produced tail) we recover the usual reaction rate:
u-vM = 3.68 X 10 12T-2/3 exp (9.94) (30)
T1/3
The integral over v in (29) should extend only to the maximum energy of the confined ions. For P -+ 0 this is not necessary because the Maxwellian provides a natural cutoff. However the ICRF diffusion leads to a plateau and then the place of the cutoff is of importance to establish the correct RF enhanced &v. With a collision frequency vi = 1.6 X 103 n(10 ) sec-t (31) T3/2(keV) and an ion bounce frequency
qR(m) B
it is clear that we are in the banana regime, Vi < Wi. The condition for vImax is roughly given by the size of the banana orbit compared with the minor radius (PB = a). For v Imax, normalized to VtD this leads to:
where B, is the poloidal magnetic field in kG. While magnetic field ripples can reduce the value for v Imax from (33) it is clear that in a reactor the maximum energy of confined ions should be in the Mev range.
As an example we shall -use the parameters for a recently proposed fusion We use this value to find the RF enhanced a.
This corresponds to a maximum energy for the confined deuterium ions of 5 MeV.
For P, we use P, = 1 kW/cm 2 , which gives approximately 40 MW of RF power delivered inside the plasma. The RF enhanced reaction rate is shown on Fig. 2 and is compared with the reaction rate of Maxwellian ions. The increase in uVIRF is very substantial for temperatures above 6 keV and differs from dum by an order of magnitude for T > 10 keV. This gain in the reaction rate will be used to find the power balance in the presence of RF.
It is clear that large powers are required to maintain a significant nonMaxwellian ion tail. This will reduce the power amplification factor Q = fusion power/RF power to a unacceptably low number, typically of the order of 1. The application of the ICRF enhancement is not to build a subignition (driven) reactor, but to achieve ignition with less power required. The reason for this is simple: the a-particle heating is much stronger when the reaction rate is increased by ICRF.
The power balance is:
where PU. is the supplementary power, PBr is the power loss of the bremsstrahlung radiation, Pdjff is the power loss of the thermal diffusion and P, is the a-particle where UvM from (30) is used in the traditional power balance and Ni 1 j from (29)
should be used in the presence of second harmonic ICRF heating. At the ignition point Paux = 0 and the a-particle power balance the losses at a certain temperature
Ti, for nrE given by the reactor parameters. To reach ignition Patsz(T) exhibits a maximum as a function of temperature for any given nrE. We shall show that this supplementary power requirement can be substantially reduced. Given the power flow from the antenna P, the supplementary power per unit volume is Paux = Pz/27rR. The a-particle fusion power P, is also a function of P'. The power balance equation (34) has to be solved for P; for any given T.
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21PR = PBr(T) + Pdiff(T, P,) -Pa(T, P) (39)
Here P. is in kW/cm 2 . The result P(T) is plotted on Fig. 3 Fig. 3 it is clear that one can save 20% on the peak power for a D-LITE reactor. While this gain is not spectacular, it is large enough to have practical applications.
Summary and Discussion
ICRF heating at w = 20) in a D-T plasma can produce significant anisotropic tails in the deuterium distribution function. This will lead to an enhanced reaction rate and an increase in the a-particle fusion power, which will help to bring the reactor to ignition. There can be substantial savings in the peak power requirement, especially if the peak power is greater than determined by the power balance for the ideal auxiliary power. It is important to stress that ICRF heating should be optimized to produce these ion tails if there are no deleterious effects on the transport. In this scheme a driven reactor does not appear to be a viable option.
All conclusions about the RF enhanced reaction rate depend critically on the mechanism of power deposition. The question of mode conversion and the changes in k 1 _ and E+ affect the diffusion coefficient, which determines the height of the plateau of the distribution function. It is expected that the diffusion coefficient will be larger than estimated by cold plasma dispersion relations. This in turn will give a greater enhancement in iUv per unit of RF power. The spatial dependence and the ray focussing must be studied. The increase in the number of trapped ions may affect the transport and this important problem should be addressed also.
The above mentioned effects may change the simple picture presented here.
We believe, however, that the basic physics is contained in the one-dimensional
Fokker-Planck treatment and that the agreement with the PLT data [4] is not a coincidence. We hope that future ICRF heating experiments will focus attention on the tail production and help in establishing the scaling laws.
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